Corneal curvature (CC) is a key determinant of major eye diseases, such as keratoconus, myopia and corneal astigmatism. No prior studies have discovered the genes for CC. Here we report the findings from four genome-wide association studies of CC in 10 008 samples from three population groups in Singapore. Our discovery phase surveyed 2867 Chinese and 3072 Malays, allowing us to identify two loci that were associated with CC variation: FRAP1 on chromosome 1p36.2 and PDGFRA on chromosome 4q12. These findings were subsequently replicated in a validation study involving an additional 2953 Asian Indians and a further collection of 1116 Chinese children. The effect sizes of the identified variants were consistent across all four cohorts, with seven single nucleotide polymorphisms (SNPs) in FRAP1 (lead SNP: rs17036350, meta P-value 5 4.06 3 10
INTRODUCTION
The biometric parameters of the eye vary in different populations due to inter-ethnic and environmental differences across countries (1, 2) . Besides axial length, the curvature of the cornea is the other key biometric measure that determines the refractive status of the eye (1) . Abnormal corneal curvature (CC) is seen in several refractive error conditions; for example, steeper corneas may be found in eyes with high myopia and diseases affecting corneal shape, such as keratoconus, while the curvature of the cornea may vary with corneal astigmatism. Thus, CC is clinically relevant as a parameter of high myopia, a rapidly growing problem in urban Asian cities, with profound public health and economic concerns (3) .
Variations in CC across races could indicate both genetic influences and differences in lifestyle (2 -4) . Some † These authors contributed equally to the manuscript. * To whom correspondence should be addressed at: Department of Statistics and Applied Probability, National University of Singapore, Blk S16, 6 Science Drive 2, 117546, Singapore. Email: statyy@nus.edu.sg # The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com Human Molecular Genetics, 2011, Vol. 20, No. 18 3693-3698 doi:10.1093/hmg/ddr269 Advance Access published on June 10, 2011 environmental predictors of CC include gender and height (5 -7) . Refraction errors and the related endophenotypes such as CC and axial length are highly heritable. Earlier heritability estimates for CC range between 60 and 92% (8 -10) , with the Beaver Dam Eye Study reporting a heritability estimate of 95% from 715 individuals in 185 families after adjustment for height (11) and the Danish Twin Registry with a 90% heritability for the radius of CC as estimated from 114 twin pairs (8) .
In this study, we aim to identify genetic loci in Asian populations associated with CC in four genome-wide association studies of 10 008 samples in Singapore. We initially performed two population-based studies in Singapore Chinese (SP2 for Singapore Prospective Study Program) and Malays (SiMES for Singapore Malay Eye Study) across a total of 5939 individuals for discovering genetic associations with variations in CC. The findings from these studies were subsequently validated with two additional cohorts: in 2953 Asian Indians in Singapore (SINDI for Singapore Indian Eye Study), and 1116 Chinese children between the age of 10 and 12 at the point of making the eye measurements (SCORM for Singapore Cohort study of the Risk factors for Myopia).
RESULTS
After quality control (QC), the discovery experiment had a combined sample size of 4289 subjects (2008 SP2 Chinese, 2281 SiMES Malays), while the sample sizes for the validation cohorts were 2142 SINDI Indians and 929 SCORM Chinese children. The attributes of these four studies are summarized in Table 1 (Table 3) .
We then proceeded to validate the initial findings with additional genome-wide data for 2142 Asian Indians from the SINDI study (Supplementary Material, Fig. S6 ). Corroborating evidence was observed for all six SNPs that previously emerged (Table 2) , with the strongest evidence seen in the two genome-wide significant SNPs (rs2275525 and rs17036350, SINDI P-value , 0.0005) and this further strengthened the overall evidence in support of an association at these two SNPs (meta P-value for rs2275525 ¼ 6.25 × A second validation experiment with 929 SCORM children (Supplementary Material, Fig. S7 ) further strengthened the findings at these two loci, yielding a total of 13 SNPs with genome-wide significance across FRAP1 (7 SNPs) and PDGFRA (6 SNPs) in the meta-analysis of all four studies ( Table 3 ). The overall meta-analysis also yielded stronger evidence at a neighboring SNP to rs17084051 in PDGFRA (rs2114039, overall P-value ¼ 1.33 × 10 29 , see Table 2 and Supplementary Material, Fig. S10 ). Additional linear regression analyses performed at each of the two loci after conditioning on the lead SNPs (rs1703630 for FRAP1, rs2114039 for PDGFRA) did not identify any secondary signals in the neighboring genes (Supplementary Material, Figs S11 and S12). This suggests that the association signals are confined to FRAP1 and PDGFRA and that these genes are the likeliest candidates that are contributing to the genetic effects that influence variation in CC in our populations.
DISCUSSION
We have performed four independent genome-wide association studies of CC across 10 008 Asian samples of Chinese, Malay and Indian ancestries, and have reported strong associations at two novel loci that attained genome-wide significance: FRAP1 on chromosome 1p36.2 (Supplementary Material, Fig. S8 ) and PDGFRA on chromosome 4q12 (Supplementary Material, Figs S9 and S10). It is unsurprising that both genes identified in this study belong to the growth and cellular proliferation signaling cascades. FRAP1 encodes for FK506 binding protein 12-rapamycin associated protein 1, also known as the mammalian target of rapamycin. It belongs to the phosphatidylinositol 3-kinase-related (PI3 kinase) protein family, and functions as a serine/threonine protein kinase which has broad effects on cell growth and proliferation, as well as regulation of transcription activity (12) . PDGFRA encodes for the alpha-isoform of the PDGFR, which forms heterodimers with its beta-isoform. These are catalytic receptors that have intracellular tyrosine kinase activity. Their activation induces their intracellular kinase activity, initiating intracellular signaling through the MAP kinase, PI3 kinase and protein kinase C-gamma. As the cornea comprises epithelial cells and a stroma of collagen fibrils sensitive to growth mediators acting via MAP and PI3 kinase (13) , the converging function of both genes in the eye growth pathways testify to their potential role in being major influences of CC.
In addition, transforming growth factor beta 1 (TGFB1) plays a major role in vitreous-promoted cellular contraction. PDGFRA is directly related to TGFB1-dependent contraction and is generally responsible for mediating cellular contraction of multiple growth factors in TGFB1 and members of the PDGF family (14) . Both TGFB1 and PDGFRA are considered to contribute to fibrotic diseases of the eye, such as proliferative vitreoretinopathy. It is important that the associations discovered in adult cohorts were replicated in a children cohort, suggesting that the phenotype is already captured at a younger age. As FRAP1 and PDGFRA determine both adult and pediatric CC, they may thus have an important role in the development of eye and corneal growth from a young age.
Despite the genetic diversity seen in our populations, we have identified variants in two genes that displayed strong concordant evidence across all four studies, suggesting the underlying biological mechanisms of these two genes are likely to be conserved across these populations. This finding is consistent with a previous study of optic disc area, where three loci were unequivocally implicated in five Caucasian and Asian populations (15) . However, we do emphasize that our discovery and replication studies have been performed solely in three Asian populations, and further work is needed to explore the relevance and transferability of these findings to other Asian and non-Asian populations. It is clear though that there is vast potential for integrating multiple studies across Asia and Europe for understanding the joint genetic etiology of eyerelated traits, and for designing diagnostics and therapeutics 
MATERIALS AND METHODS

Discovery cohorts
Singapore Prospective Study Program (SP2 
Singapore Malay Eye Study (SiMES).
SiMES is a populationbased cross-sectional study of 3280 Malay adults that are residing in 15 residential districts in the southwestern part of Singapore, selected through age-stratified random sampling of all eligible Malay adults aged 40-80 years. This study included 3072 subjects from the total of 3280 Malays. Further details of the study participants and methods have been published previously (20) .
Validation cohorts
Singapore Indian Eye Study (SINDI). SINDI is a populationbased cross-sectional study of 3400 Asian Indian adults that are residing in the southwestern part of Singapore, as part of the Singapore Indian Chinese Cohort Eye Study. Age-stratified random sampling was first used to select 6350 eligible participants between 40 and 80+ years, of which 3400 participated in the study and 2953 samples were subsequently genotyped.
Further details on the sample selection and methodology have been previously published (21) .
Singapore Cohort study Of the Risk factors for Myopia (SCORM).
A total of 1979 children in grades 1, 2 and 3 Pos refers to the position of the SNP on the chromosome (hg18). Beta refers to the regression coefficient of the P-value in Table 2 . SE is the standard error of beta.
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Human Molecular Genetics, 2011, Vol. 20, No. 18 (corresponding to ages 6, 7 and 8, respectively) from three schools were recruited from 1999 to 2001 (22) . The children were examined annually on the school premises by a team of eye care professionals. The present study was conducted in a subset of Chinese children of 1116 subjects, comprising 56% of the whole cohort. All phenotype data used in this study were based on the fourth annual examination of the study (children at age 10 -12 years).
Assessment of CC
For SIMES, SINDI and SCORM, an initial estimate of the refraction (sphere, cylinder, and axis) and the CC radius in the horizontal and vertical meridian were measured using an auto refractor machine (Canon RK-5 Auto Ref-Keratometer, Canon Inc. Ltd., Japan). Noncontact partial coherence laser interferometry (IOLMaster V3.01, Carl Zeiss; Meditec AG Jena, Germany) was used to measure axial length, anterior chamber depth and CC in the horizontal and vertical meridian (23); for SP2, K-reading was used. K-reading is also known as Simulated K (SimK), which simulates keratometry measurements and characterizes CCs in the central 3 mm area (22) . We calculated the mean values of the left and right eye and then performed empirical normal quantile transformation of this average (24), yielding a quantitative outcome as our phenotype.
Genotyping
All the samples from the discovery and validation cohorts have been genotyped with the Illumina BeadArray technology, although different genotyping platforms were used in the separate studies (25) (26) (27) . In particular, the blood-derived DNA samples for the 2867 subjects in SP2 were genotyped across a variety of Illumina platforms: 392 samples were genotyped on the HumanHap 550v3, 1459 samples on the 610-Quad, 817 samples on the 1M-Duov3, 191 samples on both 550v3 and 1M-Duov3 and 8 samples on both 610-Quad and 1M-Duov3. For the samples that were genotyped on two platforms, we used the genotypes from the denser platform in our study. For SiMES and SINDI, all the 3072 Malay and 2953 Indian samples were genotyped on the 610-Quad. For the 1116 SCORM children, DNA for 1037 samples was obtained from buccal swabs and the remaining 79 samples from saliva, and all 1116 samples were genotyped on the 550-Duo. The same genotyping procedures and quality assessments were performed on all four studies: a first round of genotype clustering is performed using GenCall with the proprietary clustering files from Illumina; samples achieving a call rate of at least 99% are subsequently used to generate local cluster files (GenTrain) from which a final round of genotype calling is based on. A threshold of 0.15 was implemented on the GenCall score to decide whether to assign a valid genotype call or to assign a NULL call.
Quality control
The same procedures for sample and SNP quality assessment were performed across all four studies independently. In each study, we first identified a set of pseudo-clean SNPs for performing sample QC, on the basis that each of these SNPs have ,5% NULL calls, did not exhibit gross departure from HardyWeinberg equilibrium (HWE) (such that HWE P-value .10
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), and has a non-zero minor allele frequency (MAF). Samples were subsequently removed on the basis of: (i) having high rates of NULL calls (.2%); (ii) excessive heterozygosity; (iii) cryptic relatedness; (iv) discordant ethnic membership; and (v) inconsistency between reported and genetically derived gender. Discordance of ethnic membership for the samples in each study was assessed with PCA using the pca command in the EIGENSTRAT program (17) . SNPs used in the PCA deliberately considered only SNPs with MAF .1% and with low inter-marker LD (as defined as pairwise r 2 , 0.2 for SNPs within 1.5 kb of each other) that are not found in known regions of high LD. A final round of SNP QC is performed on the whole set of SNPs, where SNPs are removed on the basis of: (i) high rates of NULL calls (.10%); (ii) HWE deviation (P-value , 10 25 ); (iii) monomorphism; and (iv) low concordance between duplicate genotyping (only relevant to SP2). Detailed QC procedures were provided in the Supplementary information.
Tests of association and meta-analysis
For every post-QC SNP, we evaluate the association between the genotypes with the normalized CC score within a linear regression framework, assuming an additive mode of inheritance. The regression framework allows us to adjust for covariates such as age and gender. For SiMES and SINDI, we additionally adjusted for the first five principal components obtained from the respective PCAs.
The meta-analyses of the four studies were performed by inverse-variance pooling of the standard z-test statistic assuming fixed-effects (15) . For discovery, we performed a meta-analysis of SP2 and SiMES where we identified the SNPs with combined P-values , 10
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. A second metaanalysis is performed with SINDI, where we prioritized regions with at least one SNP achieving genome-wide significance defined as P-value , 5 × 10 28 . Another round of validation was performed with the SCORM data set, where a third meta-analysis was performed across all four studies.
All association analyses and meta-analysis were performed with PLINK (http://pngu.mgh.harvard.edu/~purcell/plink/), and genotyping quality of all reported SNPs have been visually assessed by checking the clusterplots.
